We calculate new constraints on extra neutrino interactions via light Abelian vector bosons, where the boson mass arises from Stuckelberg mechanism. We use the requirement that Z, W , and kaon decays, as well as electron-neutrino scattering, are not altered by the new interactions beyond what is allowed by experimental uncertainties. These constraints are strong and apply to neutrinophilic dark matter, where interactions of neutrinos and dark matter via a new gauge boson are important. In particular, we show that models where neutrino interactions are needed to solve the small-scale structure problems in the ΛCDM cosmology are constrained.
I. INTRODUCTION
Neutrinos are feebly interacting yet ubiquitous particles that govern many physical phenomena. The roles that neutrinos play appear to be described by just their weak interactions. However, neutrino detection remains technically challenging and it is possible that new interactions that affect neutrinos have escaped discovery. These hidden neutrino interactions [1, 2] have thus been invoked for solving a variety of problems related to cosmological structure formation, neutrino oscillation anomalies, and dark matter [3] [4] [5] [6] [7] [8] [9] [10] [11] .
If the new interactions are mediated by a heavy boson, they can be effectively described using a modified Fermi constant [12] [13] [14] . However, a rich phenomenology is possible for interactions through new light bosons that are kinematically accessible. A massless boson leads to a 1/r 2 force that is strongly constrained [15] , so we focus on a light but not massless mediator. If the boson is heavier than about an MeV then it can decay into charged fermions, e.g., an electron-positron pair, which can be tested at collider experiments [16, 17] . The most challenging scenario is if the boson is lighter than about an MeV, so that it can only decay "invisibly" to a neutrino-antineutrino pair.
Models of light scalar bosons coupled to neutrinos, e.g., Majorons, have been extensively studied, and there are strong constraints on such couplings [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . Interestingly, interactions with a new light vector boson seem to have been largely overlooked and we address this possibility in this paper. The only previous constraints [37] on this are from the propagation of neutrinos from SN 1987A, and we improve these by orders of magnitude. A strong limit on neutrino selfinteractions was claimed by [38] based on the effects of neutrino self-scattering in SN 1987A; however, this argument was refuted by [39] , who showed that such interactions would have no effect on the observed signal.
To be concrete, we assume a light vector gauge boson V , which has a mass m V ∼ MeV and couples only to Standard Model neutrinos (ν) and charged leptons ( ) through their V-A current: −g ν / V P L − ν / V P L ν . This current is anomalous and thus nonconserved, with the anomaly proportional to the fermion mass which will arise from gauge-invariant but nonrenormalizable terms. The model is thus an effective theory valid to some scale Λ U V that we shall determine soon.
The boson mass may be generated using the Stuckelberg mechanism when V is an abelian gauge boson [40, 41] . Such a boson V derived from the Stuckelberg action could have an arbitrarily small mass.
However, the anomaly in the model leads to radiative corrections of size approximately δm V e g 2 ν /(4π) 3 Λ U V [42] , which roughly gives the minimum m V scale for a given cut-off. Or conversely, the maximum UV-cutoff is determined for a given m V . We have checked that taking the region of parameter space constrained in this work is satisfied if Λ U V ∼ 500 GeV. If the mass arises from the Higgs mechanism, e.g., for a nonabelian gauge boson, these corrections are typically larger and a small mass is unnatural. We shall therefore focus on the Stuckelberg case in this work. An abelian V could also kinetically mix with photons, which provides an additional avenue for probing these hidden bosons [31] [32] [33] [34] [35] [36] . Here we focus on constraining the above-mentioned neutrino-boson interaction. We ignore neutrino masses, as they do not affect our results significantly. To be conservative, we also assume that V does not couple to quarks.
Our strategy is to demand that the decays of electroweak gauge bosons, i.e., Z and W , and mesons, e.g., kaons, as well as leptonic scattering, e.g., elastic electron-neutrino scattering, remain consistent with existing measurements. Emission of a V boson from a final state lepton increases the decay width and can turn a 2-body process with a monoenergetic charged lepton into a 3-body process in which the charged lepton has a continuous spectrum, indicating the presence of a new invisible particle carrying away the missing energy. Similarly, leptonic scattering mediated by V in addition arXiv:1304.3460v4 [hep-ph] 19 Jun 2014 to electroweak bosons can drastically modify the cross section. These considerations allow us to set stringent bounds on extra neutrino interactions. Although the V may also couple to dark matter, that coupling is not strictly relevant here.
We assume equal coupling of the V boson to the charged and neutral leptons, as would be dictated by unbroken SU(2) L gauge invariance. Phenomenologically it is also interesting to consider the case where the coupling to charged leptons is negligible, e.g., Ref. [8] , but we are not aware of a detailed implementation that is consistent with electroweak precision tests. Nonetheless, we shall show that some of our results do not explicitly require a nonzero coupling to a charged lepton and therefore can be used to constrain even the purely neutrinophilic models.
Although our study of extra neutrino interactions is general, our conclusions apply in particular to scenarios where dark matter also couples to the new boson. A particular variant of these neutrinophilic dark matter models may solve all the small-scale structure problems in the ΛCDM cosmology [8] . Precision measurements of the cosmic microwave background provide overwhelming evidence for dark matter (DM) being the dominant form of matter in the Universe [43] [44] [45] . These and other measurements at large distance scales are in remarkable agreement with the predictions of the Lambda Cold Dark Matter (ΛCDM) model [46] [47] [48] . However, at the scales of galaxy clusters, galaxies, and yet smaller objects, ΛCDM predictions do not match the observations [49] .
There are three important and enduring problems at small scales. First, "core vs. cusp" -flat cores are observed in the density profiles of dwarf galaxies, whereas numerical simulations predict sharp cusps [50] [51] [52] [53] [54] [55] [56] [57] . Second, "too big to fail" -the most massive subhalos found in numerical simulations are denser than the visible subhalos of the Milky Way [58, 59] . Third, "missing satellites" -fewer satellite galaxies are observed than predicted in numerical simulations [60] [61] [62] [63] [64] [65] [66] [67] [68] .
It has proven difficult to provide a solution -whether by using baryonic physics [69] [70] [71] [72] [73] [74] [75] [76] [77] or new particle physics [78] [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] [90] [91] [92] [93] [94] [95] [96] -to all three of these small-scale problems simultaneously while remaining consistent with the large-scale observations of ΛCDM. Neutrinophilic dark matter may address this vexing issue. Given the importance of the tension between the ΛCDM model and observations on small scales, it is urgent to test this possible resolution [8] . However, this is quite challenging because the only other particles whose phenomenology is affected are the hard to detect neutrinos (in the model of Ref. [8] , Standard Model neutrinos; the extension to sterile neutrinos [8] is discussed below). We illustrate the importance of our constraints by comparing them to the requirements of this scenario.
In the context of neutrinophilic dark matter, an obvious way to constrain extra neutrino interactions is to search for neutrinos from dark matter annihilation. annihilates primarily to neutrinos that may be detected at neutrino telescopes. However, current and projected sensitivities [97] [98] [99] [100] [101] are not strong enough [8] . Stellar and supernova cooling arguments can be invoked to constrain light vector bosons [102] . Neutrinoless double beta decay may also constrain such a scenario [103] . Our results are shown in Fig. 1 . In the following, we present these in order of increasingly tight limits, and then conclude.
II. CONSTRAINTS FROM DECAYS A. Z decay
A light vector boson V that couples to neutrinos may be constrained by the invisible decay width of the Zboson. In the invisible decay Z → νν (branching ratio ∼20%), a V -boson can be emitted from the final state neutrino if a g ν ν / V ν coupling is allowed and if the mass of the V -boson is less than the Z-boson mass. The 3-body decay of the Z-boson (shown in Fig. 2 ) increases the total decay width of the Z. The total decay width of the Z-boson, as measured in the laboratory, is (2.4952 ± 0.0023) GeV, in good agreement with the theoretically calculated value of (2.4949 +0.0021 −0.0074 ) GeV [104, 105] . We also take into account another diagram where the V is radiated from the final state neutrino.
The amplitude for this process can be written as
where p i denotes the four-momentum of particle i, P L = (1 − γ 5 )/2, the coupling of the Z to the neutrino is g, and θ W is the weak mixing angle. The negative sign comes from the flow of momentum opposite to the lepton current. This decay satisfies all five criteria for application of the narrow-width approximation [106] , so the final state V is treated as an on-shell particle.
The decay rate can then be calculated by squaring this amplitude and using the polarization sum for the spin-1 vector boson, i.e., −g µν + (
The double-differential decay rate [104] [104] , to obtain the 3-body decay rate.
Since the observed decay rate of the Z-boson agrees very well with the theoretically expected value, we can use the uncertainty in the measurement to constrain the g ν coupling. To obtain a one-sided 90% C.L. upper limit on the neutrino-boson coupling g ν , we demand that Γ(Z → ννV ) ≤ 1.28 × 0.0023 GeV. For simplicity, we have taken only the experimental error bar while calculating this constraint, and including the theoretical uncertainty would worsen our limit by a factor of ∼ 1.4. The constraint is approximately given as g ν 0.03, almost independent of the mass of the V -boson in our considered range. For m V 1 MeV, the V may also decay to electron-positron pairs. For a decay of V outside the detector, our constraint applies without change. If this occurs inside the detector it would also be identified as displaced vertex event that has not been seen. We show the exact constraint in Fig. 1 .
Note that there is only a weak logarithmic dependence on m V -the longitudinal polarization modes of the V , which lead to 1/m 2 V terms, are identically cancelled between the two diagrams for massless neutrinos. This is because of Ward identities for the current νγ µ P L ν, which is conserved up to neutrino mass terms.
This constraint applies directly to neutrinophilic dark matter models, especially the scenario of Ref. [8] , and is also applicable to all neutrino flavors. We do not require any features other than the interaction g ν ν / V ν. Of course, constraints only apply if the neutrinos in question are the Standard Model neutrinos; sterile neutrinos evade this and all other subsequent electroweak constraints. However, in that case the stringent limits on extra degrees of freedom from cosmology will apply [43] and this will require a larger value of g ν than advocated in [8] . Our constraint rules out the a significant portion of the parameter space and is complementary to the cosmological constraint from Big Bang Nucleosynthesis (which depends on the present uncertainty on the extra number of neutrino species) [107] .
The constraint was derived assuming that single-V emission could be treated perturbatively. At the boundary we define, this is reasonable because the ratio of the width of the 3-body mode to the total decay width of the Z-boson is ∼ 0.1% and nonperturbative or unitarity effects do not set in. Well above our constraints, this approximation will not be valid and the cascade emission of multiple V bosons will occur, for which nonperturbative methods must be used [108, 109] . The decay rate will still be much larger than what is measured and hence the parameter space is ruled out. Additionally, the physical scalar degree of freedom, related to the mass generation of the V -boson, is assumed to be sufficiently heavy to not affect the process.
The constraints derived here do not apply if the vector boson V only couple to a sterile neutrino. Due to the breakdown of the underlying effective theory, the constraints are also not applicable for vector boson masses much smaller than what is shown in the figure. These caveats apply to all the limits derived in this work.
B. W decay
Our constraint on the light vector boson coupling to neutrinos can be made stronger if the final state in the decay contains charged leptons as well. We consider the impact of a universal V coupling to neutrinos and charged leptons in the following. Similar considerations have been applied for electroweak bremsstrahlung in dark matter annihilation [110] [111] [112] . Our limits on the neutrino interactions with a light V are new. The Feynman diagram is similar to that in Fig. 2 .
We first focus on the leptonic decay of the W boson W − → − ν (branching ratio averaged over all three flavors ∼ 10%), which is closely related to the Z decay discussed above. The main difference here is that a Vboson can also be radiated from the charged lepton, in addition to that from the neutrino. As for the Z decay, the longitudinal mode of V couples to the anomaly in the lepton current -here approximately the charged lepton mass. If we consider decays to the third generation, because the τ lepton is the heaviest, the limit will be the strongest. The 3-body decay of the W -boson leads to additional events with missing energy, increasing the total decay width of the W . The additional width can then be compared to the measured width of the W boson to obtain constraints. The experimentally-measured total decay width of the W is 2.085 ± 0.042 GeV [104] , which agrees very well with the theoretically-calculated value, 2.091 ± 0.002 GeV [104] . If the rate of V -boson emission were too large, then the increase in the calculated total width would be inconsistent with experiment. To obtain a one-sided 90% C.L. upper limit on the neutrino-boson coupling g ν , we demand that Γ(W − → − ν V ) ≤ 1.28 × 0.042 GeV. The constraints on W -boson decay to the tau lepton is shown in Fig. 1 . The decay rate scales as Γ ∼ g 2 ν m 2 /m 2 V , and hence the constraint is a straight in the g ν − m V plane. The constraints on g ν from the decays W → µν µ V and W → eν e V are weaker by a factor proportional to the charged lepton mass. The limit would be stronger by an order of magnitude if the V were to couple to the neutrino only, but the result is no longer gauge-invariant. The conditions under which these constraints do not apply were mentioned at the end of the Z decay section.
C. Kaon decay
An even stronger constraint can be obtained from kaon decay, again assuming that V couples to both the neutrinos and charged leptons. The basic idea is the same as above, but instead of the decay width, we look at the distortion of the charged lepton spectrum due to excess missing energy in kaon decays. Kaons dominantly decay (branching ratio ∼ 65%) via the 2-body leptonic channel [114] , where no excess events were found. From this we derive an upper bound on the 3-body differential decay rate that is ∼10 4 times lower than the dashed red line. We consider the 3-body decay K − → µ − ν µ V , as shown in Fig. 3 . Much of the calculation is similar to that for a related limit on parity-violating muonic forces [19] . In Fig. 4 , we show the muon spectrum from kaon decay in two cases: when V emission is forbidden (K − → µ −ν µ ) and when it is allowed (K − → µ −ν µ V ). In both cases, we plot dΓ/dE µ normalized by the total (all modes) decay width Γ tot . For the 2-body decay, the muons have a monoenergetic spectrum with E µ = 258 MeV; we show the measured result (including energy resolution) [113] . For the 3-body decay, the muons have a continuum spectrum; we show this for g ν = 10 −2 and m V = 0.5 MeV. This produces events at energies where no excess events above the Standard Model background were observed (shaded region) [114] . We also show the approximate upper limit that we derive (in the energy range used for the search) from the upper limit presented in Ref. [114] .
To obtain our constraint, we use the results from a search for missing-energy events in kaon decays with muons having kinetic energies between 60 MeV to 100 MeV (E µ between 165.5 MeV and 205.5 MeV). We integrate our calculated differential decay rate, dΓ/dE µ , over this range of E µ to obtain the partial decay width Γ(K − → µ − ν µ V ). The measured constraint on the branching ratio
[114] leads to the limit on g ν shown in Fig. 1 . If the V boson were to couple only to the neutrino, then the limit on g ν would naively be a factor of ∼ 3 stronger than what is presented here.
The constraints from W and kaon decays do not apply directly to purely neutrinophilic models, e.g., Ref. [8] , because no gauge-invariant implementation of the basic idea is available. An important issue that must be noted is that the longitudinal mode of V couples to the anomaly in the fermion current, and results in a contribution proportional to the charged lepton mass-squared to the decay rate. These lepton masses cannot be written down using renormalizable gauge-invariant operators unless one makes modifications to the Higgs sector or couples the right-handed leptons to V . The lepton masses may also be generated by nonrenormalizable operators, as in Ref. [42] , which would then provide a natural UV cutoff to the calculations. Since in this effective model, the minimum V -boson mass is m V e g 2 ν /(4π) 3 Λ U V [42] , i.e., proportional to the UV cutoff of the theory, it is not possible to take to take the limit of m V → 0 in this model.
III. CONSTRAINT FROM SCATTERING
A very strong constraint can be obtained by considering neutrino-electron scattering at very low neutrino energies, e.g., as in solar neutrino detection. Numerous astrophysical and neutrino measurements have confirmed the standard solar model fluxes, which we take as an input to constrain any additional interactions between neutrinos and electrons in the detector. The present uncertainty in the solar neutrino flux modeling (∼ 10%) is much smaller than the possible effects of extra neutrino interaction, allowing us to ignore the uncertainties in these fluxes. For definiteness, we use the measurement of the 862 keV line of the 7 Be neutrino flux [115] . This choice of using a neutrino line (instead of a continuum spectrum) circumvents the uncertainty due to the shape of the neutrino spectrum.
Solar neutrinos, which are produced as ν e , change to ν µ or ν τ with a probability of ∼ 50% at these energies [115] . The presence of this new vector boson would alter the charged current (CC) interaction between solar ν e neutrinos and target electrons in the detector. It would also alter the ν µ or ν τ interaction with electrons via the weak neutral current (NC) interaction. For large values of g ν , the cross section can be completely dominated by the V -boson exchange. Since the Standard Model CC interactions are greater than the Standard Model NC interactions by a factor of ∼ 4, we conservatively require that the new interaction mediated by the V be smaller than 10 times the NC interaction mediated by the Zboson. 
The presence of this V will also affect the matter potential as experienced by the neutrinos. However, since the propagation of neutrinos is adiabatic at these energies, and depends on the vacuum mixing angles (which have been measured separately in the laboratory), there will be minimal effect of this change on the neutrinos.
In the limit of small m V m Z , the ratio of the cross section mediated by V to the cross section mediated by Z can be written as
where E ν is the incident neutrino energy, E th (≈ 270 keV) is the threshold kinetic energy of the electron used in the search [115] , and ∆ = E ν − E th . The above expression is independent of the longitudinal degree of freedom of V .
Requiring σ νµ e;V /σ νµ e;Z ≤ 10, we get the very strong constraint in the g ν − m V plane shown in Fig. 1 . For m V 1 MeV, the vector boson can be treated as an effective operator and hence the constraint scales as g ν ∝ m V . At lower boson masses, the constraint is primarily determined by the threshold of the search and hence becomes independent of the boson mass. Although we have shown the constraint specifically for ν µ , the constraint could be generalized to all neutrino flavors.
IV. SUMMARY AND CONCLUSIONS
We derive strong new constraints on neutrino interactions with an Abelian light vector boson, where the mass is generated by Stuckelberg mechanism, using its impact on electroweak decay and scattering processes, as summarized in Table I . Our derived constraint is orders of magnitude stronger than the previous constraint on light vector boson interacting with neutrinos, g ν /m V 12 MeV −1 [37] . To the best of our knowledge, these are the most stringent constraints on these interactions. These constraints have a strong impact on the viability of models that make use of additional neutrino interactions.
The previous limits on heavy bosons [12, 13] , apply only if the new vector boson is much heavier than all other mass scales in the problems. Hence the application of effective operators was justified in those works. For the case of massless Majorons, which can be treated as a final state particle, the Majoron mass does not enter the decay processes typically considered in the literature, significantly simplifying the calculations. In our case, we have focused on a range of V -boson mass values where none of these approximations hold true.
The constraint from Z decay, while weaker than others, has the advantage that it does not explicitly require the V to couple to charged leptons. This constraint can be directly applied to purely neutrinophilic bosons, e.g., as in Ref. [8] . For processes that involve charged leptons, we also assume that V couples to both neutrinos and charged leptons equally in order to preserve gauge invariance. All of our derived constraints on decays scale as g 2 ν , so that even a factor of ∼ 3 change in the coupling will produce a factor of ∼ 10 change in the decay rates, which would grossly contradict experimentally measured values. The neutrino-electron scattering constraint scales as g 4 ν , which very strongly constrains the coupling of the V to the neutrino and the electron.
Our constraints are avoided by sterile neutrinos, which do not couple to the electroweak gauge bosons. We have also treated the V emission perturbatively. At the boundary we define, this is reasonable because the contribution of V is small. Far above our constraint, this approximation will not be valid and the cascade emission of multiple V bosons will occur, for which non-perturbative methods must be used. We have not specified the origin of lepton masses in these models -the usual Higgs mechanism must be modified for leptons that are now charged under a new gauge group. The masses may be generated by using higher dimension operators, which would impose a UV cutoff, proportional to a loopfactor times m V , on these scenarios and our calculations. This also ensures that m V cannot be taken to be too small. Modulo these caveats, we expect our results to be quite robust relative to the large range of parameters in Fig. 1 . Outside the range of what is shown in Fig. 1 , the constraints continue, unless they reach a kinematic threshold or they reach the validity of the underlying effective theory.
A particular class of models that posit extra neutrino interactions of the kind we consider are neutrinophilic dark matter models. Recently, for various astrophysical and cosmological reasons, there has been increased interest in such models. One of the potentially interesting consequences of such interactions would be to delay DM kinetic decoupling and to provide a natural and elegant particle physics solution to the missing-satellites problem of ΛCDM [8] . As an illustration of the importance of our constraints we show how our limits impose nontrivial requirements on this idea.
In conclusion, most hints of new physics, e.g., neutrino masses and dark matter, point towards the existence of a hidden sector weakly coupled to the Standard Model. While it is traditionally believed to be mediated by particles at a heavier mass scale, it is also plausible that the new physics is instead at low energies and weakly coupled. Light vector bosons realize such a paradigm, and we hope that our constraints on their interactions to neutrinos and charged leptons will serve as a useful guide to phenomenology.
